Inspiratory drive and work of breathing provided by a ventilator (WOBv) during pressure support ventilation (PSV) were examined in 15 patients. At PSV 10 and 15 cm H 2 O during CPAP 5 cm H 2 O, patients with low P 0.1 (<4.2 cm H 2 O, n=9) showed WOBv 0.57 and 0.92 J/l, those with high P 0.1 (>4.2 cm H 2 O, n=6) showed 0.31 and 0.62 J/l respectively. WOBv was smaller and pressure-time product of oesophageal pressure (PTP) was significantly larger in high P 0.1 patients. Peak inspiratory flow for low P 0.1 patients increased as PSV level increased but high P 0.1 patients showed no significant change. In a lung model, effects of inspiratory rise time (IRT) and PSV were studied at high and low inspiratory drives by using ventilators with (Servo 300) and without (Mallinckrodt 7200a) adjustable IRT. With 7200a, PSV 10 cm H 2 O during low drive was compared with PSV 10 and 15 cm H 2 O during high drive.
Pressure support ventilation (PSV) has been reported to increase patient's comfort and decrease respiratory muscle workload 1,2 , however, it may not always appropriately assist spontaneous breathing (SB). If inspiratory flow supply during PSV does not match patient's demand, a ventilator may neither provide appropriate work of breathing nor reduce patient's work of breathing. High inspiratory flow supply is needed to maintain good patient-ventilator synchrony in patients who have a high inspiratory drive [3] [4] [5] . After monitoring respiratory rate, tidal volume, and inspiratory time, Branson has reported that, for some types of patient, high inspiratory flow was appropriate 3 . Amato has demonstrated that PSV demand flow source has to be capable of delivering peak flow rates as high as 200 l/min, especially at the beginning of inspiration, in order to match the extremes of demand found in some patients 4 . MacIntyre has demonstrated that optimal initial inspiratory flow of PSV was fastest in patients with the lowest compliance and the most active ventilatory drive 5 .
Previous studies have not clarified the relationship between work of breathing and inspiratory drive during PSV. We hypothesized that low work of breathing provided by the ventilator (WOBv) owing to insufficient flow supply might reduce the inspiratory assistance of PSV in patients with high inspiratory drive. We examined how WOBv varies according to inspiratory drive during PSV in patients and in a lung model. In the clinical study, we allocated to two groups, according to their inspiratory drives, postoperative patients who were receiving mechanical ventilation with CPAP+PSV mode. In both groups we measured pressure-time product of oesophageal pressure (PTP), WOBv, and other respiratory characteristics during PSV. Initial inspiratory flow of PSV is usually system-specific and nonadjustable but it can be changed on some types of ventilator by adjusting the inspiratory rise time (IRT), or the theoretical interval between the beginning of inspiration and the point at which airway pressure reaches the selected level. There is no clear index for setting IRT during PSV. We investigated which IRT times might provide adequate inspiratory flow and inspiratory assistance during increased inspiratory drive. Using a lung model, we examined the effects of shortening the IRT on PTP, WOBv, and inspiratory flow characteristics during PSV with high inspiratory drive as compared with raising PSV, which is conventional method of increasing WOBv.
MATERIALS AND METHODS

Clinical Study
The protocol was approved by the Human Studies Committee at Osaka University Hospital. Included in the study were 15 patients who required mechanical ventilation lasting longer than six hours in the Osaka University Hospital ICU. Informed consent was obtained from the patients and their families. Each patient met the following criteria: a) clinically stable condition with independent decisions concerning trial weaning from the ventilator made by ICU physicians who were unconnected with the study; b) no administration of sedatives or opiates for at least six hours before the measurements; c) ability to breathe spontaneously through an 8 to 8.5 mm internal diameter endotracheal tube.
Measurements
We ventilated each patient with a 7200a ventilator (Mallinckrodt, St. Louis, MO, U.S.A.) in CPAP+PSV mode. Airway pressure (Paw) and flow were measured between the Y-piece of the breathing circuit and the endotracheal tube, using a disposable variable orifice pneumotachometer (Bicore Monitoring Systems, Irvine, CA, U.S.A.). Oesophageal pressure (Pes) was measured with an oesophageal balloon (SmartCath, Bicore Monitoring Systems, Irvine, CA, U.S.A.). The position of the balloon was confirmed by chest roentgenogram and by the airway occlusion method 6 .
We measured airway occlusion pressure at 0.1 second of inspiration (P 0.1 ) in order to evaluate the central inspiratory drive 7, 8 . The delay imposed by the demand valve systems of ventilators was utilized in the measurement of P 0.1 in our study. This value for P 0.1 correlates very well with the formal occlusion method 7 . For analytical purposes, depending on P 0.1 values during PSV 5 cm H 2 O, the patients were placed in one of two groups; low P 0.1 group (<4.2 cm H 2 O; n=9) and high P 0.1 group (>4.2 cm H 2 O; n=6). Based on the findings of Herrera's study, the value of 4.2 cm H 2 O was used as a predictive threshold value for successful weaning from mechanical ventilation 8 .
Measurements were performed with CPAP 5 cmH 2 O, PSV (10, and 15 cm H 2 O), FiO 2 1.0 and trigger sensitivity -1.5 cm H 2 O. Each PSV level was maintained for 15 minutes. The order of PSV levels was randomized. WOBv and pressure-time product of the oesophageal pressure (PTP) were measured with a pulmonary monitor CP-100 system (Bicore monitoring system, Irvine, CA, U.S.A.). WOBv was derived from the area of a Paw-volume curve and indicated as work per litre of ventilation. Tidal volume, respiratory rate, inspiratory time and peak inspiratory flow were calculated from the flow curve. Dynamic compliance (Cdyn) was calculated from the tidal volume/peak inspiratory pressure values obtained during the control mechanical ventilation (tidal volume 10 ml/kg body weight, inspiratory flow 40 l/min, and constant flow rate).
Data Analysis
Data were collected after 10 minutes stabilization for each respiratory condition. Mean values were calculated from 30 consecutive breaths. All data are presented as mean±SD. The Mann-Whitney U test was applied for statistical analysis to compare values for the characteristics of the low P 0.1 group and the high P 0.1 group. Mean values for each variable were tested by analysis of variance (ANOVA) with repeated measures of two factors (inspiratory drive and PSV level). When significance was indicated for the PSV level, one-way ANOVA followed by Scheffe's multiple comparison test was performed. A P value of less than 0.05 was considered as the limit of significance.
Lung Model Study Apparatus and Measurements
A two-bellows-in-a-box type lung model was used to stimulate spontaneous breathing ( Figure 1 ). The same type of lung model has been used in previous studies 9, 10 . This lung model consists of two rubber bellows placed in a plastic airtight box. The space between the rigid box and bellows represents the pleural cavity. One bellows simulates a lung and the other a diaphragm. The diaphragm bellows is connected to a low-compliance T-tube through which a gas jet-flow is injected to create negative pressure in the diaphragmatic bellow. Source gas (4 kgf/cm 2 , air) was connected to an air pressure regulator (SMC AR200) and a proportional solenoid valve (SMC315: both SMC Co., Tokyo, Japan). Operation of the regulator allows adjustment of the driving pressure of the jet-flow. The solenoid valve is controlled by a function generator (FG-273, Kenwood, Tokyo, Japan). This set-up allows the simulation of a variety of spontaneous breathing patterns with adjustable inspiratory and expiratory times, and inspiratory flow patterns. The movement of the diaphragm bellow creates negative pressure in the airtight plastic box. The negative pressure provides inflation of the lung bellow. After a fixed preset period of inspiratory effort, the jet-flow is terminated. The diaphragm bellow is open to the atmosphere during the expiratory phase, so the elasticity inherent in the bellows material returns the bellows wall to the original position.
An endotracheal tube (8 mm internal diameter and 36 cm long) was connected between the respiratory circuit and the lung model. Inspiratory flow was measured with a pneumotachograph (4700 series, Hans Rudolph Inc., MO, U.S.A.) and a pressure transducer (DP45-16, Validyne, Northridge, CA, U.S.A.). Paw was measured at the Y-piece of the ventilatory circuit with a Validyne pressure transducer (DP45-32). The pressure in the airtight space of the lung model, defined as pleural pressure (Ppl), was also measured using another DP45-32 pressure transducer. The Paw and Ppl signals were amplified (Validyne CD19A). These signals were recorded and analyzed with a computer using data-acquisition software (CODAS, DATAQ Instruments Inc., Akron, OH, U.S.A.). Tidal volume, peak inspiratory flow and flow acceleration up to 85% inspiratory peak flow (Acc) were calculated from the flow curve. Acc was defined as an indicator of initial inspiratory flow of demand flow 11 . WOBv was calculated as described in the clinical study. Pressure-time product of the Ppl (PTP) was also calculated from Ppl tracings. Mean values of five consecutive breaths were recorded at each setting. Resistance and compliance of the whole normal ranges for adult patients receiving mechanical ventilation 12, 13 .
Protocol
The lung model was ventilated using only jet-flow Venturi without a ventilatory circuit to simulate spontaneous breathing (SB). By adjusting the function generator, respiratory rate was set at 10 breath/min, inspiratory time was set at 0.6 sec and waveform of inspiratory flow was made a sinusoidal pattern at SB. Two levels of inspiratory drive were created by regulating the jet-flow driving pressure. To provide an index for determining the inspiratory drive level of the lung model, PTP was also calculated during SB: at 3 cm H 2 O*s/breath for high, and at 1 cm H 2 O*s/ breath for low, inspiratory drive. We examined two ventilators; 7200a (Mallinckrodt, St. Louis, MO) and Servo 300 (Siemens-Elema, Sweden). The initial inspiratory flow of the 7200a was nonadjustable, while the Servo 300 could be adjusted by changing IRT. Values for Acc, peak inspiratory flow, WOBv, and PTP were compared for high and low inspiratory drive during CPAP 5 cm H 2 O with PSV 10 cm H 2 O. To examine the effects of shortening the IRT on inspiratory support, the IRT of the Servo 300 was set at 0.6 s and 0 s. To study the effects of raising PSV on inspiratory support during high inspiratory drive, ventilatory characteristics were also measured at CPAP 5 cm H 2 O with PSV 15 cm H 2 O with 0.6 s of IRT. Throughout the protocol, trigger sensitivity was set at -1.5 cm H 2 O. Inspiratory time, tidal volume, Acc, peak inspiratory flow, mean Paw, WOBv, and PTP were measured at each ventilatory setting.
Statistics
Data are expressed as the mean±SD of five consecutive breaths. One-factor ANOVA followed by Scheffe's multiple comparison test was used to compare the data for different experimental settings. A P value of below 0.01 was considered as the limit of significance. Table 1 shows the characteristics of the patients. The duration of mechanical ventilation was longer in the high P 0.1 group than in the low P 0.1 group. Cdyn of the high P 0.1 group was lower than that of the low P 0.1 group. While the success rate of extubation within 48 hr after the measurement in the high P 0.1 group was 17% (1/6), success in the low P 0.1 group was 100% (9/9). Table 2 shows ventilatory parameters at each PSV level.
RESULTS
Clinical Study
Inspiratory time and WOBv were smaller and respiratory rate, peak inspiratory flow, and PTP were larger in the high P 0.1 than the low P 0.1 group. While peak inspiratory flow and WOBv of the low P 0.1 group increased as the PSV level increased, the peak inspiratory flow of the high P 0.1 group did not differ significantly with regard to the PSV settings. Figure 3 shows typical curves for Paw, Ppl, and respiratory flow. Table 3 shows the respiratory characteristics in the lung model study with both ventilators, while the tidal volume with high drive was less than with low drive, raising PSV increased tidal volume. With the Servo 300, although shortening IRT did not change tidal volume in high drive, tidal volume in IRT 0.0 sec was smaller than that in IRT 0.6 sec in low drive. With both ventilators, peak inspiratory flow during high drive was higher than during low drive. Raising PSV and shortening IRT resulted in higher peak inspiratory flow. With the 7200a, Acc values were not different between low and high drives and Acc at PSV 15 cm H 2 O was slightly greater than at PSV 10 cm H 2 O. With the Servo 300, Acc for high drive was larger than for low drive. Although shortening IRT raised Acc, increasing the PSV level did not change Acc at the same IRT settings.
Lung Model Study
In high drive, mean Paw and WOBv were smaller than in low drive, raising the PSV increased these values. With the Servo 300, shortening IRT also increased mean Paw and WOBv. Increases in mean Paw and WOBv due to shortening IRT were smaller than those due to raising PSV. WOBv in high drive with IRT 0.0 s remained at the same level as WOBv in low drive with IRT 0.6 sec. PTP was greater when inspiratory drive was high. In both ventilators, raising PSV reduced PTP. In the Servo 300, PTP was more effectively reduced by shortening IRT than by raising PSV. While shortening IRT largely reduced PTP in high inspiratory drive, PTP values in IRT 0.0 sec and 0.6 sec were slightly different in low inspiratory drive.
DISCUSSION
In a clinical study and parallel lung model study, we examined the effects of inspiratory drive on WOBv, PTP, and inspiratory flow during PSV. With a ventilator that could not have the initial inspiratory flow of PSV adjusted, WOBv during high drive was lower than during low drive, suggesting that, for patients with high drive, it is unsatisfactory to use such venti- lators to provide inspiratory assistance by PSV. This decreased WOBv during high drive seems to result from the ventilator's inability to supply sufficient inspiratory flow. We tested another type of ventilator that, through IRT setting, allows adjustment of the initial inspiratory flow of PSV and it was able to preserve the effects of inspiratory assistance of PSV by providing greater inspiratory flow during high drive.
Shortening IRT increased WOBv in a way similar to raising PSV. In the lung model, shortening IRT reduced PTP more than raising PSV. Some authors have pointed out that, when there is high inspiratory drive, PSV may not reduce muscle workload [3] [4] [5] . In the present study, PTP values for the high P 0.1 group were much larger than for the low P 0.1 group. There are several possible reasons. First, patients in the high P 0.1 group had lower Cdyn, and had to do more work to inflate their stiff lungs.
Second, because WOBv in the high P 0.1 group was lower than in the low P 0.1 group, the ventilator could only assist in a smaller proportion of the ventilatory work in the high P 0.1 group. If a ventilator supplied the same level of work as in the low inspiratory drive, PTP would have been more greatly reduced during high inspiratory drive. WOBv of the 7200a in the lung model study, which was performed using the same lung mechanics, was also lower during high inspiratory drive. Depending on the amount of inspiratory drive, at the same level of PSV, there were significant differences in the inspiratory assistance provided by PSV. This reduction in PSV poses considerable problems in providing inspiratory assistance to patients with greater inspiratory drives, who are likely to require greater inspiratory assistance.
The main factor hindering WOBv is probably insufficient flow from the ventilator, especially at the beginning of inspiration. When the supply of inspiratory flow does not match patient demand, the required rapid raising of the airway pressure lags and it fails to reach the selected level in time. Mancebo et al have also reported that rapidity of pressurization profoundly affects patient work of breathing during PSV 14 . Meanwhile, Kacmarek pointed out that some PSV devices fail to maintain the PSV level at the onset of inspiration, which results in lower WOBv 15 .
In our clinical study, the peak inspiratory flow of the high P 0.1 group did not increase proportionately with increases in the level of PSV, which was much higher than those for the low P 0.1 group. This suggests that initial inspiratory flow is more important than peak inspiratory flow. The initial inspiratory flow of the 7200a, however, was non-adjustable. We were able to examine the effects of IRT on WOBv by using the Servo 300. The Servo 300 allows adjustment of IRT, which determines the initial pressure ramp profile on which initial inspiratory flow primarily depends. In the lung model study, we examined two IRT settings, 0.6 s, which is similar to the inspiratory time of spontaneous breathing, and 0 s. Acc, an index of initial inspiratory flow level, increased as IRT shortened. We demonstrated that, when inspiratory drive is high, WOBv is preserved when, corresponding to greater Acc, IRT is shortened. With the 7200a, during high inspiratory drive, Acc was no different than during low inspiratory drive. Consequently, WOBv is lower during high than during low inspiratory drive. To increase WOBv, higher PSV is commonly used. In our clinical study, while WOBv and peak inspiratory flow were significantly greater at PSV 15 cm H 2 O than at PSV 10 cm H 2 O in the low P 0.1 group, these values of PSV 10 and 15 cm H 2 O were not significantly different in the high P 0.1 group. In the lung model study, raising PSV with the 7200a slightly increased Acc, but not enough to recruit WOBv, and it had little effect on reducing PTP. In the Servo 300, while raising PSV did not change Acc at the same IRT, WOBv at PSV 15 cm H 2 O was greater than that at 10 cm H 2 O. The greater increase WOBv at PSV of 15 cm H 2 O was likely due to enlarged tidal volume accompanied by higher Paw and longer inspiratory time. However, the effect of higher PSV on reducing PTP was much smaller than that of shortening IRT. Initial inspiratory flow may be more important than WOBv in reducing the patient work of breathing when the patient makes greater inspiratory effort. Lofaso et al have suggested that while WOBv may provide a good estimate of mean pressure during inspiration, it does not always reflect the rapidity of initial pressurization 11 . Raising PSV did not always increase initial inspiratory flow and reduce patient work of breathing. Excessive airway pressure might cause hyperinflation of lung, with consequent lung damage, circulatory depression and hypocapnia. Giannouli and co-workers show that higher levels of PSV level lead to increased tidal volume, prolongation of inspiratory time, hypocapnia, and nonsynchrony with ventilator 16 . The effects of raising PSV on reducing PTP are less than those of shortening the IRT, so it was suggested that adjusting IRT is important in determining the inspiratory support of PSV.
Without an index of reliable settings, however, at the bedside it is difficult to confidently set IRT for individual patients. Bonmarchand et al have reported that the highest possible initial flow during PSV induces the lowest possible patient work of breathing 17, 18 . MacIntyre et al have reported that the optimal flow during PSV is that resulting in the maximal volume-airway pressure product delivered to the patient 5 . They found that initial flows above and below these optimal flow parameters are associated with faster breathing frequency, smaller tidal volume, and a tendency for airway pressure not to reach the selected PSV level. To minimize the patient's work of breathing, the findings of the present study suggest that IRT should be as short as possible, corresponding to the most rapid inspiratory flow, resulting in greater WOBv and mean Paw, and reduced PTP. However, maximum initial inspiratory flow may not always be the optimal flow to meet a patient's inspiratory effort 19 . Because, in low drive, PTP value of IRT 0.0 s was almost similar to that of IRT 0.6 s, initial inspiratory flow may be too large to support inspiration. Very rapid initial inspiratory flow may cause discomfort to patients. Manning et al have reported that inspiratory flow rates that are either low or very high cause breathing discomfort 20 . High inspiratory flow rates caused the excitatory effect on neural frequency and increased neural respiratory frequency 21 . Cohen et al showed that excessive ventilator working pressure results in significantly greater initial flow and maximum flow, greater ringing, or overshoot in the circuit 22 . In the present study, mean Paw exceed the theoretical values in IRT 0.0 sec under low inspiratory drive, suggesting that, excessive inspiratory flow might lead to poor control of airway pressure. With the Servo 300, although shortening IRT did not change tidal volume in high drive, tidal volume in IRT 0.0 sec was smaller than that in IRT 0.6 sec in low drive. High inspiratory flow may decrease tidal volume due to premature termination of inspiratory flow. Finally, the present study does not offer any clear guidelines for determining the best IRT for individual patients. It may be possible to determine appropriate IRT according to oesophageal pressure tracings at various IRT settings, but it is not practical to measure oesophageal pressure in every patient.
In conclusion, in both the patient study and in the lung model, when there was high inspiratory drive, the WOBv of PSV was reduced. Owing to insufficient inspiratory demand flow, PSV may provide less effective inspiratory support for patients who have high inspiratory drive. When there is high inspiratory drive, raising PSV does not adequately enlarge peak and initial flow rate. For ventilators equipped with the function, if IRT is shortened and initial inspiratory flow is increased during high inspiratory drive, the inspiratory assistance of PSV is effectively preserved. Further study is needed to determine the appropriate IRT settings for PSV of patients who have abnormal lung mechanics and high inspiratory effort.
